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Abstract
Sediment and water samples from the mine-polluted Yokostrovskaya basin in Lake
Imandra have been analysed. Three major processes have inﬂuenced the accu-
mulation and distribution of metals in the sediment: (1) Development of the apatite-
nepheline and the sulﬁde ore mining industries. (2) Secondary formation of sulphides 5
in the upper sediment column. (3) Redox cycling of Mn in the surface sediment and in
the bottom water.
This study demonstrate the dominant role of the Mn redox cycling in controlling dis-
tribution of several major and trace elements, especially during the winter stratiﬁcation
period. Mn oxides act as a major scavenger and carrier for the non-detrital fraction of 10
Al, Ca, K, Mg, P, Ba, Co, Cu, Ni, Mo and Zn in the bottom water. Aluminium, Ca, K, Mg,
P, Cu, Ni and Zn are mainly sorbed at the surface of the particulate Mn phase, while
Ba and Mo form a phase (or inner sphere complex) with Mn. Co is associated with
the Mn-rich phase, probably by oxidation of Co(II) to a trivalent state by the particulate
Mn surface. Formation and dissolution of Mn particles most likely also control anoxic 15
ammonium oxidation to nitrate and reduction of nitrate to N2.
It is shown that secondary sulphides in Lake Imandra sediments are fed with trace
metals primarily scavenged from the dissolved phase in the water column. This enrich-
ment process, driven by the Mn-redox cycle, therefore changes the sediment record
by the transfer of a dissolved pollution signal to the particulate sediment record, thus 20
making it more complicated to trace direct inﬂuence of particles from diﬀerent pollution
sources.
1 Introduction
Although lake sediments provide environmental archives for trace metal pollution his-
tory (Birch et al., 1996; Yang et al., 2002), the fate of deposited metals in sediments and 25
their post-depositional mobility is related to the nature and extent of biogeochemical
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transformations in the zone formed between oxic and sulﬁdic conditions. Hence, sec-
ondary processes in the upper sediment alter the environmental archive. Considerable
attention has been paid to the mechanisms controlling the distribution of trace metals in
diﬀerent geochemical phases in sediments and their remobilization and mobility across
the oxic-sulﬁdic boundary (e.g., Murray, 1987; Salomons et al., 1987; Huerta-Diaz et 5
al., 1998; Brown et al., 2000; Saulnier and Mucci, 2000; Bilali et al., 2002; Yang et al.,
2002; Otero et al., 2003; Belzile et al., 2004; Stockdale et al., 2010).
Organic matter decomposition in bottom water and sediment induce chemical trans-
formations in the porewater and solid phase of lake sediments utilizing a characteristic
sequence of oxidants, i.e., O2, NO
−
3, Mn(IV), Fe(III), and SO
2−
4 (Froelich et al., 1979; 10
Davison, 1993). The high speciﬁc area of amorphous or poorly crystallized Fe and
Mn oxyhydroxides provides an eﬃcient scavenging pathway for metals in oxic waters
(Balistrieri and Murray, 1982; Davison, 1993). It has been shown that in early stages of
formation manganese oxides contain many vacancies (Petkov et al., 2009). These va-
cancies are primary sites for sorption of trace metals. Authigenic oxides formed in sedi- 15
ments regulate the ﬂux of trace elements into the overlying water (Douglas and Adeney,
2000). Under reducing conditions these Fe(III) and Mn(IV) oxyhydroxides dissolve and
scavenged trace metals are released. These ions will then migrate by diﬀusion along
a concentration gradient upwards through the water column or downwards in the sed-
iment (Davison, 1993). The upward diﬀusion will eventually lead to the reprecipitation 20
of Fe and Mn oxyhydroxides at near-surface layer, whereas the downward diﬀusion can
lead to the precipitation of iron sulphides (FeS and FeS2) and rhodochrosite (MnCO3)
or a dolomite-type Ca-Mn carbonate in deeper layers of the sediment (Mucci, 1988;
Belzile and Tessier, 1990; Davison, 1993; Friedl et al., 1997). The presence of sul-
phides is considered to be one of the major factors controlling the immobilization of 25
metals in sediments, as most of divalent metals form insoluble sulphides or copre-
cipitate and adsorb on iron sulphides (Morse and Luther, 1999; Martin et al., 2001;
Naylor et al., 2004). Sulphide is formed by microbially mediated reduction of sulphates
in anoxic sediments, or as a direct product of organic matter decomposition (Morse
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and Luther, 1999; Neal et al., 2001). Iron sulphide is the major sulphide component
found in most freshwater and marine sediments and numerous studies have reported
its strong aﬃnity for a number of trace metals (e.g., Huerta-Diaz et al., 1998; Neal et
al., 2001). Hence, the accumulating trace metal sediment record is not only inﬂuenced
by primary particles from industrial activities, but also by secondary sulphides forming 5
in the sediment.
The complex redox barrier formed between oxic and sulﬁdic environments, regu-
lates the ﬂux of elements between these two environments. Manganese is a key el-
ement regulating the ﬂux across the interface and the deposition of metal sulphides
e.g., Jørgensen and Nelson (2004). Studies in a number of lakes have pointed out the 10
importance of Mn oxides in transporting a variety of trace metals, including Cd, Co,
Cu, Ni, Zn (Balistrieri et al., 1994; Green et al., 1998, 2004; Shacat et al., 2004), Pb
(Balistrieri et al., 1994; Canﬁeld et al., 1995), As, Cr, Mo, V (Balistrieri et al., 1992),
REE (De Carlo and Green, 2002, Shacat et al., 2004), Sr and Ba (Sugiyama et al.,
1992) and major elements (Sholkovitz and Copland, 1982) 15
The expansion of the mining industries, and subsequent pollution history, within the
Lake Imandra drainage area, Russian Kola Peninsula, can be divided into ﬁve peri-
ods. How these ﬁve periods have inﬂuenced the historical sediment metal record in the
Yokostrovskaya Imandra is discussed in this study. The historical record is directly cou-
pled to processes in the water column and surface sediment. This study is focused on 20
geochemical cycling of Mn and its inﬂuence on the distribution, transport and mobility
of a suite of major and trace elements in Lake Imandra.
2 Study area
Lake Imandra, the largest water body on the Russian Kola Peninsula, is located in the
central part of the Murmansk region with a surface area of 880.5km
2, axial length of 25
109km and a total volume of 10.9km
3 (Fig. 1). Average and maximum depths are
14m and 67m, respectively (Moiseenko et al., 2002). Water residence time in the
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lake is about 2 years (Moiseenko and Yakovlev, 1990). The Niva River is the only
outﬂow of the lake and drains into the White Sea (Moisenko et al., 2002). Lake Iman-
dra consists of three individual pools (the Bolshaya, Yokostrovskaya and Babinskaya
Imandras) connected with each other by narrow straits (Fig. 1).
Intensive industrial activities close to Lake Imandra during the past 70 years have 5
deteriorated the oxygen conditions in the lake and increased the total dissolved solids
concentration, from 24 to 80mgl
−1. Lake Imandra, in its natural state, was a typ-
ical soft water lake. The natural status of the lake was characterized by low con-
centration of total dissolved solids (TDS) of 20–30mgl
−1: Mg
2+(0.5–1.3mgl
−1)+Ca
2+
(1.6–4.0mgl
−1)+(Na
++K
+) (2.5–7.5mgl
−1)+HCO
−
3 (13–18mgl
−1)+SO
2−
4 (1–3mgl
−1) 10
+Cl
−(1.4–1.8mgl
−1)+SiO2aq(0.6–1.3mgl
−1), and pH 6.4–7.2 (Moiseenko, 2002). Fur-
thermore, a high biogenic load on the lake’s drainage area during several decades (mu-
nicipal and industrial wastewaters, stock farming and agricultural ﬁelds) has resulted
in a pronounced anthropogenic eutrophication of the lake, especially of the Bolshaya
Imandra pool (Moiseenko et al., 2002). The natural oligotrophic state is changing to 15
mesotrophic and in some zones to a eutrophic state (Moiseenko and Yakovlev, 1990).
As a result, anoxic conditions are observed near the bottom during the ice-covered
period, while the epilimnion is well oxygenated all year round due to discharging of
numerous ice-free mountain rivers into the lake (Moiseenko and Yakovlev, 1990).
The major polluters within the drainage area, the Cu-Ni smelter Severonikel in 20
Monchegorsk, the open-pit Fe mine and ore concentration plant in Olenegorsk and the
apatite-nepheline mine and concentration plant “Apatit” in Apatity, are all concentrated
along the Bolshaya Imandra basin discharging improperly treated mine- and process
waters directly into the lake (Fig. 1). Mine- and process waters of the Severonikel
Cu-Ni smelter contain high concentrations of dissolved and particulate S, Ni and Cu 25
(Moiseenko et al., 1996, 2002). Dauvalter et al. (2000) estimated that the total input
of Ni and Cu with wastewater discharges and atmospheric emissions from Severonikel
into Lake Imandra during the period 1988–1991 were 138.7 and 39.1 tonnes, respec-
tively. Wastewater discharges accounted for 89% of the Ni total inﬂux and for 12% of
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the Cu total inﬂux, while input from the drainage area accounted for 88% of Cu and for
11% of Ni total inﬂux into the lake (Dauvalter et al., 2000).
Other polluters discharging into Bolshaya Imandra are Olenegorsk Mechanical Plant
(wastewater discharge of 100m
3/day, pollutants are suspended matter, phenols, ﬂota-
tion agents, Cu and Zn), and industrial and domestic eﬄuents from urban communities 5
Monchegorsk, Kirovsk and Apatity (more than 350000 people) (Moiseenko et al., 2002;
Moiseenko and Yakovlev, 1990).
3 Sampling and analytical methods
3.1 Sampling
The sample station (Fig. 1) was located 5km south of the strait connecting the Bolshaya 10
and the Yokostrovskaya pools of Lake Imandra (67
◦34
0 N, 32
◦59
0 E). This part of the
lake reﬂects the inﬂuence of an integrated transient mine- and process water inﬂow
from the major polluters (Fig. 1). At the sampling point, the water depth is 30m. The
sampling was performed on three occasions, in April, August and October 1995. In
April, the sampling of dissolved (<0.45µm) and suspended solids (>0.45µm) from 18 15
sampling levels within the water column, together with a sediment core, was performed
from the ice. In August and October, water was sampled from 8 levels within the water
column from a boat.
Water temperature, pH, conductivity and dissolved O2 were measured in situ using
a Hydrolab® (Surveyor II) water quality probe. The probe was calibrated before and af- 20
ter each day in the ﬁeld. Samples of water were collected using silicone tubing lowered
below the water surface to a ﬁxed depth. Water was then pumped up into acid-cleaned
25l plastic cans using a portable Masterﬂex® peristaltic pump and Tecalan® tubing. In
order to separate dissolved (<0.45µm) and suspended (>0.45µm) solids in the sam-
ples, the water was ﬁltered through 0.45µm Millipore® cellulose membrane ﬁlters with 25
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a diameter of 142mm, mounted in Geotech® polycarbonate ﬁlter holders and collected
in acid-washed polyethylene bottles. The ﬁltration of water samples was performed di-
rectly in the ﬁeld in April and in the laboratory within one hour after sampling in August
and October. The ﬁlters were leached in 5% acetic acid before sampling. Four ﬁlters
were used for each sample: two ﬁlters for determination of major elements, and two ﬁl- 5
ters for the determination of trace elements. The total volume of ﬁltered water for each
pair of ﬁlters was measured. Filters with the suspended material were frozen awaiting
sample preparation and analysis. The water samples were stored in the refrigerator at
4
◦C until analysis. For analysis of particulate C, water was ﬁltered through Whatman®
GF/F ﬁlters (pore size 0.7µm) that had been combusted in 500
◦C for 1h. 10
A sediment core was sampled using a modiﬁed Kajak gravity corer with a Plexiglas
tube with inner diameter of 44mm (Blomqvist and Abrahamsson, 1985). The core
was sliced in 1cm sections, placed in plastic boxes and stored at 4
◦C awaiting further
sample preparation and analysis. Pore water samples were extracted from the 0–2cm,
4–6cm and 8–10cm sediment sections and ﬁltered immediately after sampling through 15
0.45µm membrane ﬁlters according the same ﬁltration procedure as for water samples.
3.2 Analytical methods
Analyses of samples (dissolved and suspended solids, sediment and porewater) from
the sampling occasion in April were carried out at ALS in Lule˚ a, Sweden, while the
samples from the sampling occasions in August and October were analyzed at the 20
INEP laboratory of the Kola Science Centre in Apatity. The analytical methods em-
ployed are described below.
3.2.1 Water samples
Filtered Ca, K, Mg, Na and Si from the water column were analyzed by FAAS (Perkin–
Elmer 460) technique. Filtered Fe and Ni were analyzed by GFAAS (Perkin–Elmer 25
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5000) technique. Al, Mn, Ba, Co, Cu, Mo, Pb and Zn were analyzed by ICP–QMS (VG
Plasma Quad 2) at Analytica and by GFAAS technique at the INEP laboratory. Sulphate
was analyzed by liquid chromatography (Millipore Waters 430). Alkalinity was analyzed
using the Gran titration method. Phosphate, NO
−
2-N+NO
−
3-N (referred to as NO
−
3) and
total nitrogen concentrations were determined using colorimetric methods. Pore water 5
samples were analyzed in the same manner as water samples from the water column
in April.
3.2.2 Suspended solids
Four ﬁlters were used for each sample. The suspended solids sample preparation and
analytical procedures were performed according the method described by ¨ Odman et 10
al. (1999). Two ﬁlters were wet-ashed in 14M HNO3 in Pt crucibles, and then dry-ashed
at 550
◦C. The ash was then fused with LiBO2 in graphite crucibles at 1000
◦C. The bead
thus formed was dissolved in HNO3 and Al, Ca, Mg, K, Na, Si and Ti were analyzed in
solution by ICP–AES technique (model ARL 3580). Two remaining ﬁlters were digested
in 8ml of 14M supra pure HNO3 in Teﬂon bombs and heated in a microwave oven. An 15
addition of 1ml 30% H2O2 completed the oxidation of organic matter. Analysis of Fe,
Mn, S, Ba, Cu, Mo, Pb and Zn was performed with ICP–AES (ARL 3580) and analysis
of Co and Ni with ICP–QMS (VG Plasma Quad 2) techniques. The suspended load was
determined by collecting suspended matter on pre-weighed Millipore polyvinylidene
ﬂuoride membrane ﬁlters. After sampling, the ﬁlters were dried at 50
◦C and weighed. 20
The particulate C analyses were performed using an elemental analyzer (EA 1108).
3.2.3 Sediment samples
The preparation of the sediment samples and analytical procedures were performed
according the method described by Burman et al. (1978). Subsamples, 0.125g, of the
dried and homogenized sediment were fused with LiBO2 at 1000
◦C. The bead thus 25
formed was dissolved in 0.7M HNO3. Analyses of major elements were performed with
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ICP–AES (ARL 3560, ARL 3580). For analysis of S and trace metals, 0.5g sediment
was digested in 10ml 7M HNO3 in Teﬂon bombs and heated in a microwave oven.
After centrifugation and dilution, elements were determined by ICP–AES (ARL 3560,
ARL 3580) and ICP–QMS (VG Plasma Quad 2). Carbon and N were determined with
an elemental analyzer (EA 1108). 5
4 Results
4.1 The sediment record in Lake Imandra
Based on the history of the mining industries outlined above, the pollution history of
Lake Imandra can be divided into ﬁve periods: (I) Pre-industrial period, before 1930; II)
Early industrial period, from 1930 to 1955; (III) Industrial period with no treatment fa- 10
cilities or recirculation systems, from 1955 to 1975; (IV) Period of maximum production
volumes in the mining industries, between 1980 and 1990, and (V) Period of declined
production and, accordingly, declined anthropogenic load to the lake, from 1993 to the
present.
4.1.1 Pre-industrial period (I) 15
Below 14cm, the chemical composition of the sediment shows little variation, with low
and constant metal concentrations (Figs. 2, 3, 4, 5 and 6). This sediment section most
likely reﬂects the pre-industrial period, before 1930.
4.1.2 Early industrial period (II)
The ﬁrst signs of disturbed sediment appear at 14cm. A lowered Ca/Ti, Ba/Ti, Al/Ti, 20
Fe/Ti, K/Ti, Mg/Ti, Si/Ti and increased Mo/Ti ratios are observed at this depth (Figs. 2,
3, 4 and 5). From 14cm up to 10.5cm there is a continuous decrease in the C/P ratio
(Fig. 2b). The signiﬁcant decrease in the C/P ratio, from around 230 below 14cm, to
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around 35 at 10cm, indicates that the P increase during this interval is not primarily
related to changes in biological production, but related to an inﬂow of P-rich particulate
material. The decrease in the C/P ratio most likely reﬂects the onset (1930) and early
development of apatite mining (1930–1955).
4.1.3 Industrial period with no treatment facilities or recirculation systems (III) 5
Between 10.5 and 6.5cm the concentrations of P, Ca, Sr and Ba (Fig. 2) increase
dramatically (for P, 23 times higher than below 14cm) and reach a maximum between
6.5 and 7.5cm. In contrast to P, Sr and Ba the Ca/Ti ratio shows two peaks, at 9.5cm
and at 7.5cm. The increase between 10.5 and 6.5cm probably reﬂects the maximum
expansion period of the apatite mining industry (1955–1975). In the beginning of this 10
period, at 9.5cm, transient peaks for Al/Ti, Fe/Ti, K/Ti and Na/Ti are observed (Fig. 3).
In contrast to the other major elements both Mg and Si show a decrease throughout
zone III (Fig. 4).
The sediment proﬁles for As, Cd, Co, Mo, Pb and Zn (Fig. 5) all show the same dras-
tic increase between 10.5cm and 9cm, correlating with Al-Fe-Na-Ca-K within zone III 15
(Fig. 3). The transient peaks of both major and trace elements are most likely related
to the industrial activities around Apatity, possibly linked to the construction of a series
of large settling dams at the apatite complex between 1955–1965 and the opening of
new open pits (Moiseenko et al., 1996, 2002). The increase in Mn from 10.5cm to 9cm
(Fig. 6a) is also most likely related to the expansion of the apatite mining. However, 20
inﬂuence from the ore concentration plant in Olenegorsk, which started in 1955, on the
Mn and Fe increase during this period cannot be excluded. At this complex, magnetite
ores are mined and treated, and Mn and Fe are the major pollutants emanating from
this industry (Moiseenko et al., 2000).
The Cu and Ni sediment proﬁles (Fig. 6) are completely diﬀerent from those of the 25
other trace metals. In the upper 10cm of the sediment column Cu and Ni are well
correlated (R
2=0.95, p<0.0001) and show a continuous increase in the concentrations
throughout zone III (Fig. 6). The inﬂuence from the apatite mining appears to be small
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for these elements in comparison with other sources. The enhanced concentrations
of Ni and Cu in this zone most likely reﬂect the inﬂuence of the Severonikel Cu-Ni
smelter in Monchegorsk. The increasing concentrations of particulate S from the same
depth (Fig. 6) support this assumption. In 1960, after reconstruction and expansion,
the production volume increased 2.7 times at this site (Moiseenko et al., 2002). The 5
increase of Cu, Ni and S up to 6.5cm is most likely mainly due to deposition of allogenic
(detrital) sulphide particles.
The concentrations of P, Ca (and also Sr and Ba) decreases above 7.5cm, but are
stabilized above 6cm at higher values than the pre-industrial concentrations (Fig. 2).
Concentrations of Al, K, Na, Mg and Si in the upper 5cm, on the other hand, show 10
signiﬁcantly lower values than the background (Figs. 3 and 4). Consequently, the par-
ticulate material that deposits in Yokostrovskaya today is more inﬂuenced by apatite
related elements than the pre-industrial material. The decrease in P, Ca, Sr and Ba
between 7.5cm and 5cm most likely reﬂects the eﬀects of treatment facilities and re-
circulation systems installed in the late-1970s, as the production volumes continued to 15
increase until the beginning of the 1990s.
The large decrease in C concentration between 14cm and 9.5cm (Fig. 3), indicates
that C was diluted by increased inorganic particulate inﬂux related to the period of the
early apatite mining expansion. Above 9cm, the C concentration steadily increases
towards the sediment surface and reaches values up to 8700mmolkg
−1. The concen- 20
tration of C in the surface sediment (upper 2cm) is almost 2 times higher compared with
a pre-industrial C concentration of ≈5200mmolkg
−1 below 14cm depth. The trophic
status of Lake Imandra is currently changing from oligotrophic to mesotrophic, in some
areas even to eutrophic (Moiseenko et al., 1996), which may explain the increasing C
content in the surface sediment. 25
4.1.4 Zone of active secondary sulphide formation (IV)
A signiﬁcant increase in the particulate S concentration is seen between 10.5cm and
2cm with a peak around 5cm (Fig. 6). The zone between 2cm and 6.5cm probably
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reﬂects precipitation of secondary sulphides coupled to SO
2−
4 reduction. The anthro-
pogenic supply of sulphur has dramatically increased the concentration of sulphate in
the water column (from 1–3mg/l to 20–30mg/l, Moiseenko, 2002) causing a higher
SO
2−
4 accumulation and reduction in the sediment. The pore water proﬁle (Fig. 6b)
shows very low SO
2−
4 concentrations below 2cm in the sediment. Thus, the layer be- 5
tween 2 and 6.5cm can be deﬁned as a zone of active sulphide precipitation (zone IV)
(Fig. 6b). Copper, Ni (Fig. 6), As and Mo (Fig. 5) show clear enrichments in the sulphide
precipitation zone, whereas Sr and Ba (Fig. 2) decrease in this zone.
4.1.5 Zone of manganese dissolution and iron precipitation (V)
The concomitant increase of Fe/S and Fe/Ti from 12cm with a peak at a depth of 10cm 10
(Fig. 6) are related to the mining activities discussed for zone III (see above). The rather
low constant Fe/S ratio around a minimum value of 2 between approximately 2.5 and
6.5cm depth indicates the presence of Fe sulphides. The increase of Fe/Ti from 6.5cm
depth towards a local peak in the Fe/Ti ratio at 5cm coincides with the particulate S
peak, which supports the formation of authigenic Fe sulphides. Increasing Fe/S (and 15
Fe/Ti) ratios, and the low particulate S concentration in the top 2cm of the sediment
column indicate the presence of a non-sulﬁdic phase, most likely Fe oxyhydroxides (Fe
oxyhydroxide zone). Right below the sediment surface the particulate Mn concentra-
tion drops, indicating signiﬁcant dissolution of Mn oxyhydroxides in the upper sediment.
This is illustrated by the continuous decrease in the Mn concentration from the sedi- 20
ment water interface down to 5cm (Fig. 6).
4.2 Water column
4.2.1 Conductivity
Conductivity varied between 102 and 126µScm
−1 in the water column. The highest
values were measured in April and the lowest during August. In April the water column 25
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can be divided in three diﬀerent water masses, based on the conductivity: increased
conductivity in the surface water (1 to 8m depth), a layer with slightly increasing con-
ductivity down to 28m, and a 2m thick bottom layer with enhanced conductivity. In
August and October the conductivity was almost uniformly distributed (Fig. 7e).
4.2.2 Temperature, dissolved oxygen, pH, alkalinity and suspended matter 5
The ice cover on Lake Imandra at the time of sampling in April was approximately 0.7m
thick. Just beneath the ice cover and in the upper 6m, the temperature was about 1
◦C.
From a depth of 7m the temperature rose continuously towards the bottom to 3
◦C,
0.1m from the sediment surface. In August the temperature was around 12
◦C in the
bottom water and rose to 15
◦C in the upper water column. After autumn turnover in 10
October, the lake was isothermal (3.9
◦C) and hence well mixed (Fig. 7).
A uniform oxygen concentration was measured after overturn in October. In April
the O2 concentration declined continuously downwards from a depth of 5m and was
0.03mM (corresponding to 5% of O2 saturation) 10cm from the bottom. In August
the oxygen depletion was not as pronounced as in April, and a relative high dissolved 15
oxygen content, around 0.4mM, was measured even in the bottom water (Fig. 7).
The pH ranged from 6.5 to 7.3 throughout the seasons with the lowest pH values in
April and the highest in October. In April, pH decreased towards the bottom, especially,
in the deepest ﬁve metres. Enhanced pH values were measured between 3 and 7m in
April (Fig. 7). 20
The distribution of alkalinity was uniform in October and August. During winter strat-
iﬁcation in April, a signiﬁcant increase was measured at 0.1m above the sediment
surface, and a smaller local maximum at 2m above the bottom (Fig. 7).
The concentration of particles (>0.45µm) in the water column in April was al-
most constant around 0.3mgl
−1 between 5 and 22m. Above 5m the concentration 25
was slightly enhanced and below 22m suspended matter increased to approximately
1.5mgl
−1 near the sediment-water interface (Fig. 7). The suspended matter contained
between 10 and 23% of dry weight C (corresponding to a concentration of particulate
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C between 9 and 20µmol/kg DW), with the lowest values in the bottom water. The
concentration of particulate C in April varied between 4.3 to 12.8µM. The particulate
C proﬁle showed a general increase towards the bottom with a pronounced local max-
imum at 5m above the bottom (Fig. 7).
4.2.3 Nitrogen and phosphorous 5
The nitrate concentration in April showed enhanced concentrations above 7m depth
and a minimum at 8m. From 8m, the concentration increased continuously down to
the bottom (Fig. 8). Ammonium was strongly enriched close to the sediment water
interface in April, and reached fairly constant levels above 28m (Fig. 8). Total nitrogen
was relatively high close to the ice and close to the bottom. Particulate nitrogen showed 10
enhanced values close to the ice and below 22m with a peak at 1m depth above the
sediment-water interface (Fig. 8). Phosphate showed enhanced concentrations in the
upper 10m, and signiﬁcant enrichment close to the sediment water interface (Fig. 8).
Particulate P showed relatively enhanced concentrations down to a depth of 10m,
rather constant concentrations between 10m and 20m and increased concentrations 15
towards the bottom in April.
4.2.4 Dissolved and suspended major elements
Dissolved Ca, Mg, Si, Mn and nitrate show an increasing concentration towards the
bottom in April, indicating a signiﬁcant ﬂux from the sediment (Figs. 8, 9 and 10). This
ﬂux inﬂuences the concentration throughout the water column. The sulphate proﬁles, 20
however, do not show any changes between the seasons, except for the inﬂow of pol-
luted surface water in April (Fig. 9). The reason for this is most likely that the sediment
is no source of sulphate because of extensive sulphate reduction in the sediment, as
indicated by the low pore water concentrations (Fig. 9). The SO
2−
4 concentration in
April was around 240µM, with only small variation, except for the upper 6m with con- 25
centration close to 285µM. Sulphate decreased rapidly in the pore water in the upper
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part of the sediment, and showed a low concentration (20µM) already at a depth of
5cm in the sediment. Furthermore, Na shows no large contribution from the sediment.
Sodium is enriched in the polluted surface water but shows a more or less uniform
concentration down to the bottom in April (Fig. 9).
4.2.5 Seasonal distributions of Fe and Mn 5
The total concentration of Fe during the measured period ranged between 0.08–
1.64µM (average 0.3µM) and was lowest in April and highest in August (Fig. 10) due
to increase in particulate Fe concentration. The dissolved Fe concentration, approxi-
mately 50nM, was rather uniform throughout the water column and during the seasons,
except for small peaks at 0.1m and 2m from the sediment surface in April (Fig. 10). In 10
April 64%, in August 90% and in October 78% of the total Fe concentration was in a par-
ticulate phase. The concentration of dissolved Fe in the pore water in April reached
179µM, which corresponds to a 830-fold increase, compared with the dissolved Fe
concentration at 0.1m above the sediment surface (Fig. 10). Also, the particulate Fe
concentration increased steadily in the deepest 10m and reached a noticeable peak at 15
a depth of 2m above the sediment surface.
The total Mn concentration (MnT) ranged between 30 and 7363nM (average 921nM)
and was rather uniform in the upper 15m of the water column with values of around
40nM in April, 200nM in August and around 100nM during the fall turnover in October
(Fig. 10). Particulate Mn accounted for 63% in April and for over 90% of the total Mn 20
concentration in August and October. In the bottom waters, MnT increased signiﬁcantly
(245-fold increase) towards the bottom in April and, to some smaller extent, in August
due to increase in both dissolved and particulate Mn concentrations (Fig. 10). The con-
centration of the dissolved Mn in the porewater in April ranged between 51 and 75µM
with the highest value in the upper 2cm of the sediment column, a 29-fold increase 25
compared with the dissolved Mn concentration of 2.6µM at 0.5m above the sediment
surface. There was a maximum (around 6500nM) in the dissolved Mn concentrations
at 2m above the sediment surface, together with local minima in the particulate Mn
287BGD
8, 273–321, 2011
Manganese redox
cycling in Lake
Imandra
J. Ingri et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
concentration. The particulate Mn proﬁle in April showed two well-deﬁned peaks at 1m
(5660nM) and 3m (2070nM) above the sediment surface (Fig. 10).
4.2.6 Dissolved and particulate trace elements
The dissolved Al concentration showed enhanced values close to the sediment-water
interface, and considerable enrichment in the porewater (Fig. 12). The concentration of 5
the dissolved Al in the pore water reached 14µM, corresponding to a 47-fold increase,
compared with the dissolved Al concentration closest to the bottom (Table 2). The
Al concentration reached the lowest value at a depth of 29m and showed enhanced
values between 25 and 15m and above 5m. The particulate Al concentration was
relatively uniform in the upper 20m, but increased towards the sediment surface with 10
a well-deﬁned peak at 2m above the bottom. The particulate Al form accounted for
approximately 40–45% of the total Al concentration in the upper 25m and up to 73% in
the deepest 5m.
The average dissolved concentrations for Cu (51nM), Ni (205nM) and Mo (11nM)
in Lake Imandra are signiﬁcantly higher, while Co (2.0nM) and Zn (10.5nM) are in 15
the range of dissolved metal concentrations reported for open and permanently ice-
covered lake systems, e.g., Lake Vanda: Ni (3–113 nM), Cu (2.8–34.6nM) and Zn
(3.2–54.6nM) (Green et al., 2004), Lake Joyce: Ni (8–26.8nM), Cu (3.8–30.8nM) and
Co (0.3–13.65nM) (Shacat et al., 2004), Hall Lake: Co (0.7–50nM), Cu (0.6–17nM),
Mo (0.7–2.6nM), Ni (13–32nM) and Zn (4.3–370nM) (Balistrieri et al., 1994), Great 20
Lakes: Cu (11–16.8nM), Zn (1.3–4.3nM) (Nriagu, 1996), Lake Sammanish: Co (0.01–
5.9nM), Ni 3.6–8.3nM, Cu (1.8–8.3nM) (Balistrieri et al., 1992).
Dissolved Co, Cu, Mo, Ni, Pb and Zn and particulate Co, Cu, Pb and Zn were el-
evated in the upper 8m in April, while the dissolved Ba concentration was depleted
compared with water between depths of 10 and 20m (Fig. 12). Throughout the layer 25
between 10m and 20m the dissolved Cu and Mo concentrations decreased with depth,
while dissolved Ba, Co, Ni and Zn concentrations were rather uniform (Fig. 12). In the
bottom water, the concentrations of dissolved Ba, Mo and Zn showed pronounced
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peaks at 2m (Ba and Mo) and 3m (Zn) above the bottom. The concentration of the
dissolved Zn in the porewater was 350nM, which corresponds to a 110-fold increase,
compared with the dissolved Zn concentration at 0.1m above the sediment surface
(Table 2). Dissolved Cu concentration in porewater (≈60nM) was slightly higher com-
pared to dissolved Cu concentration measured in the deepest 2m (40–50nM) (Table 2). 5
Dissolved Ni concentration increased signiﬁcantly in the deepest 5m, culminating in
a maximum at 0.1m, where concentration reached 580nM. Below the sediment-water
interface the dissolved Ni concentration was approximately 300nM (Fig. 10, Table 2).
The particulate concentrations of Ba, Co, Cu, Mo and Ni were rather uniform throughout
the upper 22–25m (with the exception of elevated particulate Cu and Co concentra- 10
tions in the upper 8m). However, in the bottom water (deepest 5m) particulate Ba, Co,
Cu, Mo, Ni and Zn all showed the largest increase in concentrations. In the deepest
ﬁve metres the particulate form accounted for up to Mo (65%), Ba (60%), Co (50%),
Zn (40%), Ni (25%) and Cu (15%) of the total metal concentration, while in the upper
25m all investigated metals were present mainly in dissolved form, which accounted 15
for more than 90% of the total concentration for Ba, Co, Cu, Mo, Ni and Zn (Tables 2
and 3). For Pb, the particulate form, on the average, accounted for 51% of the total
concentration, but in contrast to the other trace elements, Pb was mainly present in
particulate form (up to 84%) in the upper 15m of the water column.
Total concentration of Ni in the water column during the diﬀerent sampling periods 20
ranged between 108 and 450nM (average 196nM). The particulate Ni concentration
accounted for 6% in April, 17% in August and 14% in October. In the upper 20m of the
water column the dissolved Ni concentration was almost constant during the diﬀerent
seasons, but increased signiﬁcantly towards the bottom in April and, to a lesser extent,
in August (Fig. 10). The maximum dissolved Ni concentration of 580nM was measured 25
0.1m above the sediment in April. In contrast to dissolved Fe and Mn the porewater
concentration for Ni (≈280nM) decreased with depth in the sediment and was lower
than the dissolved Ni concentration immediately above the sediment surface (Fig. 10).
The particulate Ni concentration was almost constant throughout the upper 25m of the
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water column, and was highest in August and lowest in April. Similar to particulate
Mn proﬁle, particulate Ni showed two well-deﬁned peaks in the deepest ﬁve metres
(Fig. 10).
5 Discussion
The conductivity curve in April (Fig. 7e) summarises the two major processes inﬂu- 5
encing the distribution of elements in Lake Imandra. The high-conductivity water layer
close to the surface in April most likely reﬂects the inﬂow of direct industrial discharges,
from the Cu-Ni smelter and the apatite concentration plant from the northern (most
polluted) part of the lake (Fig. 1), and to some extent, pollutants transported by melt
water. Snow had started melting in the area at the time of sampling. As a result of the 10
stratiﬁcation, the inﬂowing water had not mixed much with the underlying lake water
at the time of sampling. Dissolved concentrations of sulphate, Na, Mg, nitrate, phos-
phate, Co, Cu, Ni, Mo, Pb and Zn are enhanced in this water. Furthermore, enhanced
particulate concentrations of Ca, K, Mg, Na, S, P, N, Co, Cu, Pb and Zn are clearly
seen in the inﬂowing water. 15
The distinct increase in conductivity close to the bottom during winter stratiﬁcation
indicates a ﬂux of dissolved ions from the sediment column to the water. This has
a signiﬁcant impact on the concentrations of several elements in Lake Imandra during
winter, and it is important to understand the processes explaining this large ﬂux of both
major and trace elements from the sediment. Most of the discussion below is therefore 20
focused on the data from the winter stratiﬁcation period in April.
5.1 Coupling between the nitrogen and the manganese redox cycles
Attention has been paid to new alternative routes during N mineralization, particularly
in marine sediments, where Mn oxides play a key role in anaerobic ammonium oxi-
dation to nitrite, nitrate and N2 (Hulth et al., 2005). Coupling between the N and Mn 25
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redox cycles has been observed at the oxic/anoxic interfaces in the Black Sea (Tebo,
1991; Murray et al., 1995; Oguz et al., 2001; Konovalov et al., 2004) and sediments of
the Panama Basin (Balistrieri and Murray, 1986; Aller et al., 1998) and the equatorial
Atlantic, Cabot Strait, Scotia slope (Luther et al., 1997). In particular, mounting cir-
cumstantial evidence suggests that within organic and Mn-rich regions of marine sedi- 5
ments, the N and Mn cycles may be closely coupled through the overall Reactions (R1)
and (R2) suggested by Hulth et al. (1999):
NH+
4 +4MnO2+6H+ →4Mn2++NO
−
3 +5H2O (R1)
2NO
−
3 +5Mn2++4H2O→5MnO2+N2+8H+ (R2)
Manganese shows highly dynamic seasonal distribution patterns in Lake Imandra 10
(Fig. 10). Shortly after autumn overturn in the lake (October), dissolved Mn showed
an almost constant concentration (10nM) throughout the water column. In August
the concentration above 20m was almost identical to that of October, but below that
depth the concentration increased linearly towards the bottom. In April, at the end of
the ice-covered period, a complicated pattern with local maxima and minima had de- 15
veloped (Fig. 10). The dissolved Mn concentration in April showed a drastic overall
increase from a depth of 15m down to the bottom, indicating a signiﬁcant ﬂux of Mn
from the sediment. The low concentration of particulate Mn in the sediment (below
100mmolkg
−1) compared with 8000mmolkg
−1 in the bottom water indicates a signif-
icant reduction and dissolution of particulate Mn close to the sediment-water interface 20
(Fig. 10). High dissolved Mn concentrations, 80000nM, were measured at 2cm into
the sediment (Fig. 10). Hence, a concentration gradient is formed, and dissolved Mn
in the sediment is diﬀusing up into the bottom water. When the reduced dissolved Mn
reaches measurable concentrations of oxygen, Mn is oxidized, precipitates and forms
Mn oxide (-hydroxide) particles. This is the theoretical scenario for Mn cycling in oxi- 25
dized bottom water, based on the thermodynamic properties for diﬀerent precipitated
Mn oxide and dissolved Mn (Davison, 1993).
291BGD
8, 273–321, 2011
Manganese redox
cycling in Lake
Imandra
J. Ingri et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
The dissolved Fe concentration changes dramatically (by three orders of magnitude)
close to the sediment-water interface, indicating that the redox boundary for Fe(II) to
Fe(III) is situated within the upper 2cm of the sediment (Fig. 10). In contrast to Fe, pre-
cipitation of dissolved Mn takes place above the sediment-water interface. However,
data clearly show that dissolved Mn is present at relatively high concentrations up to 5
10m above the bottom in August, although the dissolved oxygen concentration is high.
Furthermore, a striking feature in Fig. 10 is the double peaks of suspended Mn and
corresponding changes in dissolved Mn in the bottom water in April. These two partic-
ulate peaks are separated by water with strongly enriched dissolved Mn concentration
(around 6000nM) at 2m above the sediment. The dissolved Mn peak is intriguing, 10
because the bottom water has measurable concentrations of dissolved oxygen down
to the sediment-water interface also in April (Fig. 7).
Green et al. (2004) have discussed a similar situation in oxic bottom water in Lake
Wanda. They suggested that the presence of signiﬁcant levels of reduced Mn(II) in
waters that are appreciably rich in dissolved oxygen could be attributed to lowered pH 15
and low dissolved oxygen. They suggested that equilibrium of the type given in Re-
action (R3) could explain locally increased dissolved Mn concentrations in oxic bottom
water.
Mn3O4(s)+6H+(aq)Mn2+(aq)+1/2O2(aq)+3H2O(aq) (R3)
It is clear from this reaction that the solubility of the Mn oxide is strongly pH-dependent. 20
Even small variations in pH will have a strong impact on the dissolved Mn concentra-
tion. However, in Lake Imandra no variation was measured for pH between 2m and
1m above the bottom in April, and only a small decrease in dissolved oxygen was mea-
sured (Fig. 7). The dissolved Mn concentration, on the other hand, showed a drastic
change from 6000nM (2m above bottom) to 300nM 1m above bottom (Fig. 10). We 25
therefore suggest that the two particulate Mn peaks in Lake Imandra bottom water are
the result of strong interactions between the Mn and N redox cycles.
The regulation of nitriﬁcation and denitriﬁcation, and their coupling, is complex due
to the involvement of both aerobic and anaerobic processes, which are catalysed by
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a wide suite of bacteria. Although denitriﬁcation is a relatively well-studied process, the
bacterially mediated aerobic nitriﬁcation and anaerobic denitriﬁcation processes do not
exclude alternative pathways. Coupled nitrogen and metal redox reactions constitute
important examples of new routes during N mineralization (Hulth et al., 2005). The oxi-
dation of organic N and NH
+
4 by MnO2 to either NO
−
2/NO
−
3 (Hulth et al., 1999; Anschutz 5
et al., 2000) or directly to N2 (Luther et al., 1997) is thermodynamically favourable at
conditions similar to those found in marine pore waters (Luther et al., 1997; Hulth et
al., 1999), and based on thermodynamic considerations, N2 has been assumed be the
end-product when Mn oxide is the terminal electron acceptor in the anaerobic oxidation
of organic matter (e.g., Froelich et al., 1979; Reimers et al., 1992). 10
Anaerobic nitriﬁcation coupled to Mn reduction has been suggested to explain low
ammonium concentrations relative to soluble manganese in the Mn oxide-rich sedi-
ments of the Panama Basin (Aller et al., 1998), in the sediment of the equatorial At-
lantic, Cabot Strait, Scotia slope (Luther et al., 1997) and at the oxic-anoxic interface
of Black Sea (Murray et al., 1995). Indications of such a process were also found in 15
laboratory experiments with surface marine sediment from Long Island Sound (USA)
(Hulth et al., 1999). In addition to anaerobic ammonium oxidation by Mn oxides, solute
distribution patterns suggested anaerobic Mn(II) oxidation coupled to nitrate reduction
(Tebo, 1991; Murray et al., 1995; Luther et al., 1997; Aller et al., 1998; Hulth et al.,
1999; Konovalov et al., 2004). Hulth and co-workers observed transient accumulations 20
of nitrate in anoxic jar incubations of sediment, including some with added Mn oxide.
Nitrate was produced simultaneously with Mn(II) during Mn-oxide reduction, and the
rate of anoxic nitriﬁcation was directly proportional to the quantity Mn oxide available.
Nitrate was rapidly consumed again, and it was suggested that a continuous nitriﬁca-
tion coupled to Mn-oxide reduction was hidden by concomitant denitriﬁcation. 25
Considering the data on the coupling between the Mn-redox cycle and nitrogen sug-
gested in recent literature, we make the following interpretation of the complex Imandra
Mn proﬁle in April (Fig. 10). At 2m above the bottom there is a zone of active Mn re-
duction, denitriﬁcation, mineralization of organic material and Fe cycling, which can be
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illustrated by the overall reactions:
6CH2O+4NO
−
3 +MnO2+2Fe(OH)3+4H+ 2N2+Mn2++2Fe2++6HCO
−
3 +8H2O(R4)
10Fe2++2NO
−
3 +24H2O10Fe(OH)3+N2+18H+ (R5)
2Fe2++MnO2+4H2O2Fe(OH)3+Mn2++2H+ (R6)
This zone is characterized by high dissolved Mn (Fig. 10), a local minimum in nitrate 5
and increased ammonium (Fig. 8), increased total nitrogen (Fig. 8) and slightly in-
creased alkalinity (Fig. 7). To explain the concomitant increase of dissolved and par-
ticulate Fe in this zone (Fig. 10) a combination of Reactions (R4), (R5) and (R6) is
plausible. Nitrate reduction coupled to Fe(II) oxidation has been reported for a variety
of denitrifying bacteria (e.g., Benz et al., 1998; Hafenbradl et al., 1996). Oxidation of 10
Fe(II) by Mn(IV) has been studied by Postma (1985, 2000). It is likely that we have all
the three major electron acceptors, nitrate, Mn- and Fe-oxide-hydroxides, operating in
this zone between dominance of oxygen oxidation (above) and sulphate reduction (be-
low) in the sediment. Manganese is diﬀusing upwards and downwards from this zone.
Oxygen is most likely the major oxidant for Mn(II) above this zone. However, below 15
the oxygen layer, the dominant oxidant is probably not oxygen but nitrate. Hence, the
2 m thick anoxic water column above the sediment probably continue approximately 2
cm down into the sediment. The rest of the sediment can be classiﬁed as sulﬁdic, as
indicated by the low dissolved sulphate concentration.
Decrease in the ammonium and nitrate concentration between 0.5 and 2m above the 20
bottom can be the result of Mn(II) oxidation coupled to nitrate reduction and ammonium
oxidation according to the overall reaction:
Mn2++NO
−
3 +NH+
4 MnO2+N2+2H++H2O (R7)
This zone is characterized by local maximum in particulate Mn (Fig. 10), lowered nitrate
and ammonium (Fig. 8) and lowered pH (Fig. 7). In Reaction (R7) we can recognize 25
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two reactions: oxidation of Mn by nitrate, and the anammox reaction, anaerobic am-
monium oxidation. Anammox has been found in a range of environments including
marine sediments, sea ice and anoxic water columns (Dalsgaard et al., 2005). For
anammox bacteria isolated from wastewater treatment facilities, the anammox process
appears to occur only under strictly anaerobic conditions. However, oxygen concen- 5
trations likely ﬂuctuate in the nitrate-containing zones in natural environments and as
a result, natural /anammox bacteria/ may have developed a higher tolerance towards
oxygen (Dalsgaard et al., 2005). It is likely that anammox is dominating close to the
sediment water interface and Mn oxidation by nitrate higher up in this zone.
Close to the sediment water-interface and partly within the upper section of the sed- 10
iment a zone of active nitriﬁcation probably occurs, thus creating the source for nitrate
(Fig. 8). Anoxic nitriﬁcation can be illustrated by the reaction:
4MnO2+NH+
4 +6H+ 4Mn2++NO
−
3 +5H2O (R8)
The oxidation of ammonium by Fe oxyhydroxides is less likely (see discussion in Hulth
et al., 1999; Anschuts et al., 2000). Luther and co-workers suggested that MnO2 con- 15
sumed during the oxidation of organic-N and NH
+
4 in surface marine sediments and
in the presence of O2 is readily regenerated by the oxidation of Mn(II) by O2 in a cat-
alytic cycle that aﬀects nitrogen speciation (Luther et al., 1997). In this catalytic cycle,
the direct oxidation of organic matter by MnO2 is more thermodynamically favourable
compared with O2 as a direct oxidant of organic matter, while O2 is the ultimate oxi- 20
dant, since it is continually supplied from the overlying waters to re-oxidize the Mn(II)
formed. However, both MnO2 and O2 oxidation of organic matter can occur simulta-
neously (Luther et al., 1997). Reduction of MnO2 in the presence of O2 has been ob-
served in studies of Black Sea water (Tebo, 1991), in the water column of Lake Vanda,
Antarctica (Green et al., 2004) and Lake Joyce, Antarctica (Shacat et al., 2004). 25
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5.2 Mn-controlled cycling of major and trace elements
The major element data suggest that the elements Ca and Mg must be transported
down to the sediment in particles that, to some extent, are dissolved and Ca and Mg are
mobilized into the dissolved phase. It is therefore important to understand which type
of particles that are deposited and subsequently dissolved in the sediment. Particulate 5
matter in lakes is a mixture of detrital particles (primary rock-forming minerals), organic
matter and secondary (non-detrital) phases such as Fe-Mn oxyhydroxides, diatoms,
etc. In Lake Imandra there are also particles from mining activities. This particulate
fraction is a mixture of detrital particles, primary particles from the ore and secondary
particles. These diﬀerent groups of particles can have an allogenic (transported into 10
the lake from the catchment) origin and/or an authigenic origin (formed within the lake).
Normalization of data can be used to estimate the amount of non-detrital particles,
hence enabling interpretation of biogeochemical processes within the lake.
Aluminium and Ti are usually good indicators of detrital particles. Aluminium and
Ti show a strong linear correlation (R=0.93) in particulate matter in this study, with an 15
Al/Ti ratio close to 26 in the upper 15m in April. This is a close to the “average continen-
tal crust” (ACC) ratio (28) (Taylor and McLennan, 1985), which suggests that a large
fraction of both elements is present in detrital particles in recent sediment material.
However, in the bottom water (deepest 5m) the Al/Ti ratio increases to 40, indicating
the presence of an Al phase with little Ti. Furthermore, the dissolved Al curve in April 20
(Fig. 12, Table 2) suggests diﬀusion of dissolved Al from the sediment to the bottom
water, and a subsequent enrichment of Al (Al/Ti ratio up to 40) in the particulate phase
in the bottom water. Therefore, Ti has been used as an indicator of detrital particles
and normalizing element in this study.
The element/Ti molar ratios for suspended Fe and Mn were rather constant through- 25
out the upper 20m of the water column (Fig. 13), with average values of 12 and 5.3,
respectively, which can be compared with the ACC values of 11 (Fe) and 0.2 (Mn) (Tay-
lor and McLennan, 1985). Hence, Fe is hosted mainly in detrital particles in the upper
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water column, while particulate Mn is mainly of non-detrital origin. Below 25m depth
the Fe/Ti and Mn/Ti curves show distinctly diﬀerent patterns (Fig. 13). The Fe/Ti ratio
increased in the bottom waters with maximum values of about 50 in the deepest 2m,
thus indicating the presence of non-detrital Fe. The Mn/Ti ratio increased dramatically
and reached values up to 630 with a maximum at 1m from the bottom and one sub- 5
maximum at 3m above the sediment surface. In the sediment column the Mn/Ti ratio
declined signiﬁcantly to 2 at 0.5cm and continued to decrease with depth approaching
the Mn/Ti ratio for ACC (Fig. 13).
The Ca/Ti ratio in the suspended matter was almost constant down to a depth of 25m
(Fig. 13). In the zone below 25m, down to the sediment, the Ca/Ti ratio closely resem- 10
bled the Mn/Ti distribution, suggesting that Ca is transported to the sediment in Mn-rich
particles. Similarly, Al/Ti, K/Ti, Mg/Ti, P/Ti together with Ba/Ti, Cu/Ti, Co/Mn, Mo/Ti,
Ni/Ti and Zn/Ti all showed a distribution resembling the Mn/Ti distribution in the bottom
water (Fig. 13). It is therefore likely that Mn-rich particles act as a scavenger for all
these elements. There are individual variations for the elements, and these variations 15
will be discussed below. However, the main conclusion is that Mn is a major scavenger
and carrier for the non-detrital fraction of these elements in the bottom water. None
of the analyzed elements show a pattern that looks like the Fe/Ti ratio. Considering
that most of the particulate Fe is in a detrital fraction during sedimentation through the
water column, the lack of correlation between Fe and other elements is not surprising. 20
The average S/Ti (≈15) value throughout the water column in Lake Imandra is much
higher than the value in ACC (0.07) (Taylor and McLennan, 1985), indicating the inﬂu-
ence of S-enriched particles from the industrial activities. The particulate S and S/Ti
ratios are higher in suspended matter in the upper 10m, and show a decrease towards
the sediment-water interface (Fig. 13). The S/Ti ratios in the upper 20m show a pattern 25
clearly diﬀerent from Al/Ti, Fe/Ti and Mn/Ti (Fig. 13). Copper, Pb and Zn show similar
Ti-normalized patterns compared with S/Ti in the upper 20m, suggesting that these
elements are transported to Lake Imandra in S-rich particles originating from industrial
activities. However, the distribution patterns for Cu and Zn in the bottom water are
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dominated by Mn cycling. The Pb distribution, on the other hand, appears to be totally
dominated by the input of S-rich particles (Fig. 13). Barium, Co, Mo and Ni do not
exhibit the same correlation to the S-rich particles in the upper water column (Fig. 13).
5.2.1 Ni, Cu and Zn cycling
The depth proﬁles for dissolved Ni showed dramatically seasonal changes, illustrating 5
the role of Mn and its eﬀects on Ni cycling. Throughout the water column, a more
or less linear correlation between particulate Ni and Mn (R
2 adjusted=0.76) was ob-
served. Ni, similar to Mn, showed signiﬁcant accumulation of both the dissolved and
particulate Ni in the hypolimnion in April, and, to lesser degree, in August (the hypolim-
netic particulate and dissolved Ni concentrations in April were approximately 2 times 10
higher compared with the concentration in August) (Fig. 10). After lake overturn in
October an almost constant dissolved Ni concentration was measured in the water col-
umn. The hypolimnetic Ni accumulation in the dissolved phase is the result of Mn oxide
dissolution at, or close to, the sediment-water interface, liberating scavenged Ni, thus
creating a ﬂux of dissolved Ni from the sediment. 15
The concentration proﬁle for dissolved Ni in April indicates a point source for dis-
solved Ni in the surface sediment. From this point Ni is transported upwards in the
water column, as well as down in the sediment. The highest concentrations of particu-
late Ni in April were found at 3m above the sediment surface, correlated to the second
particulate Mn peak (Fig. 10). The particulate Ni concentration is lower at 0.1m and 20
0.5m (above bottom), in spite of the fact that the dissolved Ni concentration is higher
and the total amount of particulate Mn is higher at these depths (compared with 3m
above bottom) (Fig. 10). A possible explanation for this is that the competition for ad-
sorption sites on the Mn-rich phase is higher at the deeper level. A high aﬃnity of
Mn(II) ions for hydrous Mn oxides has been observed by, e.g., Morgan and Stumm 25
(1964) and Posselt et al. (1968). They suggested that the uptake of Mn(II) was part
of an ion exchange reaction with a concomitant release of H
+. Tamura and Furuichi
(1997), on the other hand, assumed that Mn(IV) ions on the surfaces of the Mn oxides
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rapidly oxidize surrounding Mn(II) ions to Mn(III) ions, which in turn release H
+ upon
hydrolysis. Since other divalent metal ions, such as Ni(II), compete for the same sites
as the Mn(II) ions, they will be less eﬃciently adsorbed in the presence of high con-
centrations of Mn(II) ions. Close to the bottom (0.1–1m), the concentration of Mn(II)
is higher than at 3m depth above the sediment surface (Fig. 10). The resulting harder 5
competition with Mn(II) ions close the bottom may thus account for the lower adsorption
of Ni at this depth. The signiﬁcantly higher concentration of particulate Ni in the bottom
water (up to 180mmolkg
−1) compared to the Ni concentrations in the upper sediment
(20mmolkg
−1) or the upper 20m of the water column (≈30mmolkg
−1) indicates that
almost all adsorbed Ni associated with Mn oxides dissolves at the sediment-water in- 10
terface (Fig. 10).
Sulphide phases (Balistrieri et al., 1992, 1994) and organic complexes (Viollier et
al., 1995; Achterberg et al., 1997) have been suggested as important carriers of Cu
in lakes, although Baccini and Joller (1981), Hamilton-Taylor et al. (1996), Green et
al. (1989, 2004) and Shacat et al. (2004) have observed an association between Cu 15
and Mn and/or Fe oxides. Cu is less aﬀected by the redox cycling of Mn compared with
Ni. There were small changes in the dissolved Cu concentration close to the bottom,
although a ﬂux of dissolved Cu across the sediment-water interface was indicated by
the enhanced dissolved Cu concentrations in the sediment during winter stratiﬁcation
in April (Fig. 12). Dissolved Cu showed enhanced concentration in the zone of Mn 20
reduction at 2m above the bottom, which points towards Mn particles for the distribution
of Cu in bottom water in April. Analogous with the discussion above for Ni, Cu shows
a weaker adsorption to particulate Mn close to the sediment-water interface.
Despite signiﬁcant enrichment of dissolved Zn in the porewater (350nM), there was
little ﬂux of dissolved Zn to the bottom water (Fig. 12, Table 2). Most likely, the upward 25
diﬀusing Zn is scavenged by precipitated Fe oxyhydroxides right below the sediment-
water interface. A peak in particulate Zn (Fig. 13) at 0.5cm in the surface sediment
supports this assumption. However, in the bottom water Zn showed correlations be-
tween dissolved and particulate Mn, with similar distributions as for Ni and Cu (Fig. 12).
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The Zn/Ti ratio closely follows the Mn/Ti ratio below 25m. Hence, Zn also appears to
be related to the surface of the particulate Mn-rich phase.
5.2.2 Ba and Mo cycling
The alkaline earth element Ba, similar to Ni, Cu and Zn dominated by the dissolved
divalent oxidation state in water, is correlated with Mn in Lake Imandra. Studies by 5
Balistrieri et al. (1986), Sugiyama et al. (1992) and Falkner et al. (1997) all showed cor-
relations between Ba and Mn. In Lake Imandra, Ba and Mo are the trace elements that
show the strongest linear correlation (R
2 adjusted=0.95) with particulate Mn in the bot-
tom water. In contrast to Cu, Ni and Zn the Ba/Ti ratio is highest close to the sediment
water interface. A possible explanation is that Ba forms a phase (or inner sphere com- 10
plex) with Mn, and is therefore not mainly surface-enriched at the particulate Mn phase,
while the associations of Ni, Cu and Zn with Mn are more surface-related. Therefore,
the concentration of Ba is less dependent on available surface area for adsorption and
more dependent on the particulate Mn concentration than Ni, Cu and Zn.
Unlike Ni, Cu, Zn and Ba, the most abundant species for Mo in aquatic environ- 15
ments is the anion MoO
2−
4 (Wedepohl, 1978). Correlation between Mo and Mn has
been reported by Balistrieri et al. (1994) and Magyar et al. (1993). In Lake Imandra,
the distribution of particulate Mo in the bottom water is controlled by Mn. The distri-
bution pattern of particulate Mo and Mo/Ti is similar to the proﬁles for Ba and Ba/Ti,
respectively (Fig. 13). Along with Ba, Mo is probably incorporated in the Mn phase. 20
5.2.3 Cobolt cycling
Santschi (1988), Green et al. (1989), Balistrieri et al. (1992) and Shacat et al. (2004)
have suggested a coupling between Co and Mn in freshwater. Cobalt is strongly en-
riched in the suspended phase in the two samples close to the sediment-water inter-
face (Fig. 12). Both the Co/Ti ratio and the particulate Co concentration show a much 25
lower accumulation of Co in the Mn peak at 3m from the sediment, compared with
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all the other Mn related elements (Fig. 13). It is likely that Co is associated with the
Mn-rich phase (Stockdale et al., 2010), but in a diﬀerent manner compared with Cu,
Ni, Zn, Ba and Mo. Cobalt is a redox element and can be oxidized to a trivalent state
by the particulate Mn-surface (Murray and Dillard, 1979), and hence associated more
strongly to the Mn phase close to the sediment-water interface. Cobalt is therefore not 5
as inﬂuenced by high activity of dissolved Mn
2+ and can therefore be more strongly
associated to the surface of the Mn-rich phase, close to the sediment-water interface.
6 Fe-controlled cycling of As, Cd and Zn
The inﬂuence of Fe on the mobility and cycling of As in aquatic systems is well estab-
lished. Arsenic is largely associated with Fe oxyhydroxides in oxic sediments and is 10
released in the interstitial water when Fe(III) is reduced to Fe(II) upon burial of the sed-
iment (Belzile, 1988; Belzile and Tesseir, 1990; Sauliner and Mucci, 2000; Bilali et al.,
2002; Nicholas et al., 2003; Yang and Rose, 2005). In laboratory experiments where
labile organic matter (plankton material) was added to oxic sediments, As was found to
be released to the water concurrently with Fe, after the reductive dissolution of Mn(IV) 15
(Edenborn et al., 1986). For Cd and Zn, the cycling of organic matter has been pro-
posed to play a key role in controlling distributions of these metals in surface sediments
(Martin et al., 2001; Bilali et al., 2002; Nameroﬀ et al., 2002, Yang and Rose, 2005). In
zone V the particulate As, Cd and Zn show enrichments immediately below sediment
surface and depletion at 1.5cm. This pattern is most likely related to the redox cy- 20
cling of Fe. The redox boundary for Fe(II) to Fe(III) is situated in the upper 1cm of the
sediment, with intense dissolution of Fe oxyhydroxides at 1.5cm and re-precipitation
right below sediment-water interface. The enrichment of As, Cd and, to some minor
extent, of Zn in the sulphide zone (IV) is most likely controlled by a sulphide-associated
phase. Sulphide precipitation has been proposed to limit the concentration of As, Cd 25
and Zn in the porewater of both pristine lakes (Williams, 1992; Hamilton-Taylor and
Davison, 1995) and mining-impacted lakes (Huerta-Diaz et al., 1998; Martin et al.,
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2001). For example, in the sulphide production zones of two mine-impacted Canadian
Shield lakes (Clearwater and Chevreuil) formation of authigenic greenockite (CdS),
wurtzite (Zn,Fe)S and am-ZnS were observed, while As was found adsorbed onto, or
substituted into, Fe monosulphides (Huerta-Diaz et al., 1998). The distribution of As
is a mirror image of the Fe/S ratio in the sulphide zone (Fig. 6e), strongly suggesting 5
a close relation between As and Fe sulphides.
7 Summary
Distribution of the trace metals in zone V (upper 2cm of the sediment) can be classiﬁed
into three groups. Mo, Cu and Ni form one group (1), characterized by decreased con-
centrations in the top 2cm and a small peak at 2.5cm. The second group (2) consists 10
of As, Cd and Zn. This group exhibits a clear enrichment in the top 1cm. Ba, Co and Pb
forms the third group (3), characterized by almost constant metal concentrations in the
upper 6cm of the sediment column. The redox cycle of Mn in the bottom water and in
the top 2cm primarily controls distribution of group-one metals (Cu, Ni and Mo), while
the precipitation of Fe oxyhydroxides below the sediment surface cause the enrichment 15
of group-two metals (As, Cd and Zn) in the surface sediment. The distribution of Ba,
Co and Pb in the upper 6cm is primarily controlled by mineral apatite-rich material.
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Olenegorsk
Monchegorsk
Sampling station
Cu-Ni smelter
Open-pit iron mine
and concentration plant
Bolshaya
Imandra
Yokostrovskaya
Imandra
River Niva
Babinskaya
Imandra
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Kirovsk
N
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and concentration
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Fig. 1. Lake Imandra and the location of the sampling station and the main pollution sources.
The arrows indicate the major ﬂow of water towards the outﬂow of Imandra Lake, the River
Niva.
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Fig. 2. Sediment proﬁles for the elements related mainly to the apatite mining. Ti-normalized
values are shown by unﬁlled dots. Zones within the sediment column: I. Pre-industrial period,
before 1930; II. Early industrial period, 1930–1955; III. Industrial expansion period with no
treatment facilities or recirculation systems, 1955–1975; IV. Zone of active secondary sulphide
formation; V. Zone of manganese dissolution and iron precipitation.
310BGD
8, 273–321, 2011
Manganese redox
cycling in Lake
Imandra
J. Ingri et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
IV
V
1000 1500 2000
30 40 50
Al (mmol/kg)
Al/Ti molar
200 400 600 800
5 10 15 20
Fe (mmol/kg)
Fe/Ti molar
100 120 140 160
2.533.544.5
K (mmol/kg)
K/Ti molar
-20
-15
-10
-5
0
2000 4000 6000 8000
C (mmol/kg)
S
e
d
i
m
e
n
t
 
d
e
p
t
h
 
(
c
m
)
200 300 400 500 600 700
00 .5 11 .5
Na (mmol/kg)
Na/Ti molar
a b c d e
I
II
III
Fig. 3. Sediment proﬁles for the major elements inﬂuenced by the industrial activities. Ti-
normalized metal values are shown by unﬁlled dots. Transient peaks of Al, Fe, Na and K
betwwen 10.5 and 9cm (marked by hatch pattern) within zone III reﬂect the inﬂux of particulate
material possibly linked to the construction of a series of large setting dams and the start of
new open pits at the apatite complex between 1955–1965.
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Fig. 4. Sediment proﬁles for Mg and Si. Ti-normalized metal values are shown by unﬁlled dots.
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Fig. 5. Sediment proﬁles for selected trace metals (a) As, (b) Cd, (c) Co, (d) Mo, (e) Pb and
(f) Zn. Ti-normalized values are shown by unﬁlled dots.
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Fig. 6. Sediment proﬁles for (a) particulate Mn, (b) particulate S and pore water sulphate,
(c) Cu, 8d) Ni and (e) particulate Fe/S molar. Ti-normalized values are marked with unﬁlled
dots.
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Fig. 7. Proﬁles of (a) water temperature, (b) dissolved oxygen, (c) pH, (d) alkalinity and (e)
conductivity in April (dot), August (triangle) and October (cross). (f) total suspended matter
(TSM) and particulate organic carbon (POC) in April.
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Fig. 9. Concentrations of dissolved major elements in April (dots), August (triangles) and Oc-
tober (crosses).
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Fig. 10. Distribution of dissolved, particulate and total Fe (a), Mn (b) and Ni (c) in the water
column and sediment (dissolved only). Note the log scales.
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Fig. 11. Proﬁles of dissolved and particulate major elements in Lake Imandra.
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Fig. 12. Proﬁles of dissolved and particulate trace metals in April.
320BGD
8, 273–321, 2011
Manganese redox
cycling in Lake
Imandra
J. Ingri et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
-5
0
5
10
15
20
25
30
02468 10
Ba (mmol/kg AW)
Ba/Ti molar
00 .5 1
0 1 2 3 4 5 6
5 0
Co (mmol/kg AW)
Co/Ti molar
10 15 20
Cu (mmol/kg AW)
Cu/Ti molar
02468 10
Mo (mmol/kg AW)
Mo/Ti molar
05 0 100 150 200
Ni (mmol/kg AW)
Ni/Ti molar
11 0 100 1000
0.1110 100 1000
Mn (mmol/kg AW)
Mn/Ti molar
0 500 1000
Fe (mmol/kg AW)
Fe/Ti molar
-5
0
5
10
15
20
25
30
0 500 1000
0 10 20 30 0 10 20 30 40
Al (mmol/kg AW)
Al/Ti molar
-5
0
5
10
15
20
25
30
0
0 0.2 0.4 0.6 0.8 0 0 0 0.2 0.4 0.6 0 2 4 6 8 10 0.5 0.4
400 800
01 02 03 0 4 8 12 0 3 6 0 10 20 0 5 10 15 20 25  9
Ca (mmol/kg AW)
Ca/Ti molar
0 300 600
K (mmol/kg AW)
K/Ti molar
0 200 400
Mg (mmol/kg AW)
Mg/Ti molar
0 500 1000 1500
Na (mmol/kg AW)
Na/Ti molar
0 250 500 750 1000
05 10 15 20
S (mmol/kg AW)
S/Ti molar
0 4000 8000
0 100 200 300
Si (mmol/kg AW)
Si/Ti molar
0 300 600 900 1200
P (mmol/kg AW)
P/Ti molar
-5
0
5
10
15
20
25
30
00 .050 .1
D
i
s
t
a
n
c
e
 
f
r
o
m
 
s
e
d
i
m
e
n
t
-
w
a
t
e
r
i
n
t
e
r
f
a
c
e
 
(
c
m
/
m
)
D
i
s
t
a
n
c
e
 
f
r
o
m
 
s
e
d
i
m
e
n
t
-
w
a
t
e
r
i
n
t
e
r
f
a
c
e
 
(
c
m
/
m
)
D
i
s
t
a
n
c
e
 
f
r
o
m
 
s
e
d
i
m
e
n
t
-
w
a
t
e
r
i
n
t
e
r
f
a
c
e
 
(
c
m
/
m
)
D
i
s
t
a
n
c
e
 
f
r
o
m
 
s
e
d
i
m
e
n
t
-
w
a
t
e
r
i
n
t
e
r
f
a
c
e
 
(
c
m
/
m
)
Pb (mmol/kg AW)
Pb/Ti molar
03691 21 51 8
00 .1 0.20 .3 0.4
Zn (mmol/kg AW)
Zn/Ti molar
Fig. 13. Particulate (mmol/kg ashed weight) major and trace element concentrations in the
water column and surface sediment in April. Ti-normalized values are shown by unﬁlled dots.
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